A 62-kDa cell surface antigen (M9) of Mycoplasma gallisepticum PG31 that mediates antibody-induced agglutination of the organism was purified and subjected to N-terminal amino-acid sequencing. A 999-bp region of the cDNA encoding the M9 protein was generated by reverse transcription-PCR, and its nucleotide sequence was determined. PCR primers based on this sequence were used to screen a genomic DNA library of PG31. A fulllength M9 protein-encoding gene was isolated and sequenced, revealing 96% nucleotide identity with the pMGA1.1 gene of M. gallisepticum S6. Sequence analyses of the M9 gene and flanking open reading frames that encode other pMGA family members suggest that a tandemly repeated GAA sequence may influence pMGA gene expression.
A major plasma membrane protein, pMGA, of Mycoplasma gallisepticum S6 has been identified as a cell adhesin (hemagglutinin) molecule (14, 15) . Recent studies indicate that the genetic determinants that code for the hemagglutinin are organized into a large family of genes but that only one of these genes is predominately expressed in any given strain (3, 9, 15, 16 ). We have previously described a monoclonal antibody (MAb), G9, that reacts with an epitope of the M9 protein of M. gallisepticum PG31, resulting in agglutination of the organism (17) . In the present study, the amino acid and nucleotide sequences of the purified M9 protein and its gene were determined. Sequence comparisons between the M9 gene of PG31 and the pMGA hemagglutinin gene revealed considerable homology, demonstrating that the M9 protein is a member of the pMGA multigene family. Thus, M9 is the second member of this large gene family which has been shown to be expressed as a surface protein in M. gallisepticum.
Purification of M9 protein. M. gallisepticum PG31 (ATCC 19610) was cultured in modified Frey (8) broth supplemented with 10% swine serum as described previously (11) . Cells from 50 ml of culture were harvested by centrifugation (8,000 ϫ g, 20 min) and solubilized in 1.0 ml of lysis buffer (25 mM TrisHCl, 0.25% [wt/vol] sodium deoxycholate, 1.0% Nonidet P-40, 0.05% Tween 20, 0.15 M NaCl [pH 8.1] [4°C]). Affinity purification of the M9 antigen was monitored by immunoblot analysis. Proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (7.5% polyacrylamide) followed by electrophoretic transfer onto a nitrocellulose membrane (pore size, 0.2 m; Schleicher & Schuell, Inc., Keene, N.H.) and reaction with MAb G9 (in ascites fluid at a dilution of 1:400) as described previously (17) . The M9 antigen in cell lysates was detected as a single protein band (apparent M r of 62,000) ( Fig. 1A and B) . To purify M9, cell lysates (1.0 ml) were centrifuged at 10,000 ϫ g for 5 min at 4°C to remove insoluble debris, ascites fluid containing 160 g of MAb G9 was added, and the mixture was incubated at 4°C for 1 h. A secondary, affinity-purified, rabbit anti-mouse immunoglobulin G antibody (0.67 mg; Jackson ImmunoResearch Laboratories, West Grove, Pa.) was added to 0.34 ml of protein A-Sepharose CL-4B (Pharmacia, Piscataway, N.J.) in 3.0 ml of lysis buffer (10% [vol/vol] suspension) and gently mixed at 4°C for 1 h. After the beads were washed (twice, in 10 volumes of lysis buffer) and resuspended in 3 volumes of lysis buffer, 1.3 ml of the final suspension (25% [vol/vol]) was added to the solubilized M. gallisepticum and ascites fluid and incubated at 4°C for 1 h with gentle agitation. The Sepharose-bound immune complexes were harvested by centrifugation at 3,000 ϫ g for 20 s at 4°C and washed three times in lysis buffer (4 ml). For elution, the immune complexes were suspended in Laemmli sample buffer (0.5 ml) (12) and heated at 95°C for 1 min. Elution was repeated once, and the pooled eluate containing the M9 antigen protein was further fractionated by preparative SDS-PAGE (7.5% polyacrylamide). The M9 protein band was located following rapid Coomassie blue staining and destaining of two gel strips excised from each edge of the gel. The M9 protein band was excised from the unstained portion of the gel, and the gel slice was placed in a 50-ml polyallomer tube and macerated with a Teflon pestle. The crushed gel was transferred to a 50-ml conical centrifuge tube and suspended in 6 volumes (typically about 8 ml) of extraction buffer (25 mM Tris, 190 mM glycine, 0.1% SDS, 2 mM dithiothreitol [pH 8.3] ). Protein was extracted by vigorous shaking for 1 h at room temperature, followed by collection of the supernatant after centrifugation (4,000 ϫ g, 1 min). Extraction was completed by rinsing the gel pellet three times with extraction buffer (3 volumes). The extracted protein (ϳ20 ml) was concentrated to ϳ50 l by sequential use of Centriprep-30 and Centricon-30 concentrators (Amicon, Inc., Beverly, Mass.). About 6 g of purified M9 protein was typically obtained from 50 ml of M. gallisepticum culture.
M9 protein sequence determination. Purified M9 protein (ϳ40 g) was subjected to SDS-PAGE followed by electrophoretic transfer to a polyvinylidene difluoride (PVDF) mem-brane (Fig. 1C) . After we located the PVDF-immobilized M9 protein bands by staining the membrane with Ponceau S (1), the bands were excised and submitted to the Harvard Microchemistry Facility (Cambridge, Mass.), where the N-terminal sequence of a portion of the sample was determined directly by automated Edman degradation. Comparison of this sequence with the deduced amino acid sequences in the GenBank database indicated that the M9 protein was distinct but that it showed homology with a large multigene family in M. gallisepticum S6 designated pMGA (16) . The probable presence of numerous family members in the M. gallisepticum PG31 genome (by analogy to the S6 strain) complicated our strategy for cloning the M9 gene.
To identify internal peptides with sequences unique to M9 protein, portions of the PVDF-immobilized M9 protein sample were digested in situ with endoproteinase Lys-C or trypsin and analyzed by capillary reverse-phase liquid chromatography coupled with an electrospray ionization quadrupole ion trap mass spectrometer (Finnigan LQC) (6, 22) at the Harvard Microchemistry Facility. Individual peptide masses and fragmentation patterns (i.e., tandem mass spectra) were then compared with those of predicted peptides from the pMGA gene family by using the SEQUEST algorithm (6, 22) . This analysis revealed M9's significant sequence homology with pMGA1.1 and pMGA1.2 (GenBank accession no. L28423 and L28424 [16] ), confirming the results from N-terminal sequence analysis. For example, M9 tryptic peptides with masses and fragmentation patterns and, therefore, sequences corresponding to 25 of 51 predicted peptides from pMGA1.1 and pMGA1.2 were identified. Additionally, we identified at least nine M9 peptides which contained one or more sequence differences from the predicted sequences of peptides from pMGA1.1 and pMGA1.2. This information was used to select candidates for further chemical microsequence analysis, by focusing primarily on those with unique sequences (i.e., unique masses and tandem mass spectra) not predicted for peptides from pMGA1.1 and pMGA1.2. Eight additional peptides from M9 were chemically sequenced, including four which contained differences with corresponding regions in pMGA1.1 and pMGA1.2; the other four M9 peptides were identical in sequence to predicted peptides from the two homologous proteins of strain S6. Overall, unambiguous sequence information for 129 amino acid residues (including the N terminus), representing 20% of the entire M9 protein, was obtained by chemical microsequencing.
RT-PCR products. Because of the large number of members of the pMGA family, reverse transcription-PCR (RT-PCR) was the method of choice for identifying the particular gene encoding the M9 protein produced in strain PG31. Based on the protein microsequence information, degenerate oligonucleotides were designed (Table 1 ; Fig. 2 ) as primers for RT-PCR amplification of M9 mRNA. Primers were synthesized by Research Genetics, Inc. (Huntsville, Ala.). From a 40-ml logphase culture of M. gallisepticum PG31, 221 g of total RNA was isolated with a ToTally RNA kit (Ambion, Inc., Austin, Tex.) according to instructions provided. Prior to cDNA synthesis, aliquots of total RNA (1 g) were treated with 2 U of RNase-free DNase I (Ambion) in a 16-l volume for reaction at 37°C for 2 h and DNase was denatured at 75°C for 20 min. cDNA was synthesized by addition of 20 U of avian myeloblastosis virus reverse transcriptase (Boehringer Mannheim, Indianapolis, Ind.), deoxynucleoside triphosphates (1 mM each), and either primer B4 (0.5 M) or primer R2 (1 M) in a 20-l volume for reaction at 55°C for 1 h, followed by reaction at 65°C for 10 min. Following denaturation at 95°C for 1 min, second-strand synthesis and amplification were accomplished with a modified "touchdown" PCR protocol (4) consisting of denaturation (20 s) at 95°C for each cycle, annealing (90 s) starting at 66°C but with the temperature decreasing 2°C after every two cycles until it reached 52°C (14 cycles, total) and then 26 cycles at 52°C, extension (30 s) at 72°C for each cycle, and final extension (7 min) at 72°C. PCR amplification was performed with a GeneAmp model 9600 thermal cycler and GeneAmp kit (Perkin-Elmer Cetus, Norwalk, Conn.). Primary PCR mixtures (50 l) contained 1.5 mM MgCl 2 , deoxynucleoside triphosphates (0.2 mM each), 1.25 U of Taq polymerase, primer pairs (L7 and B4 or L12 and R2, at the concentrations indicated in Table 1 ), and 1 l of the RT product as the template. PCRs with nested primer pairs (L9 and R4, L9 and R8, or L13 and R9) for secondary amplifications were performed as described above with 1 l of samples from primary PCR mixtures as templates.
RT-PCR of PG31 mRNA with primers L7 and B4 yielded no product that was detectable on ethidium bromide-stained agarose gels. However, nested PCR with the product of the initial RT-PCR as the template and the internal primer pairs L9 and R4 and L9 and R8 yielded specific DNA fragments of 284-and 479-bp lengths, respectively. PCR products were directly sequenced, without cloning, with the fmol DNA Sequencing System (Promega Corp., Madison, Wis.) according to instructions provided. From the nucleotide sequences of these PCR products, the specific (nondegenerate) sense primers L12 and L13 were designed. RT-PCR with the primer pair L12 and R2 also did not produce any detectable product on agarose gels, but nested PCR with primer pair L13 and R9 yielded a DNA fragment of 806 bp. By combining the sequences from these three nested PCR products, the nucleotide sequence of a 999-bp region comprising approximately 50% of the entire M9 gene was obtained (Fig. 2) . Comparison of the deduced amino acid sequence of the 999-bp region with the M9 peptide sequences (Fig. 3) confirmed the identities of the RT-PCR products as M9-derived sequences. Nucleotide sequence of the M9 gene and predicted protein. A genomic library of PG31 DNA in the lambda ZAP II expression vector (Stratagene, La Jolla, Calif.) was constructed. PG31 DNA was isolated as described by Voelker et al. (20) and mechanically sheared by repeated passage through a 27-gauge hypodermic needle. The resulting DNA fragments (3 to 5 kb) were ligated into the ZAP II vector as described previously (10) , except that EcoRI-BstXI adapters (Invitrogen) instead of EcoRI linkers were used. The ligation mixture was packaged to produce viable phage particles with Gigapack III Gold in vitro packaging extract (Stratagene). Packaged phage particles representing the genomic library were amplified on lawns of Escherichia coli XL1-Blue MRFЈ on Luria-Bertani plates.
Isolation of individual clones from the genomic DNA library was accomplished as described previously by sequential plating of the library at decreasing plaque densities and PCR analysis of phage extracted from plates at each step (2) . Primers F2 and B2 (Table 1 and Fig. 3 ), which were designed to amplify a 557-bp region of the M9 gene and which exhibited maximum divergence from pMGA1.1 and pMGA1.2, were used for PCR screening of phage stocks (5 l/reaction) with the touchdown program described above for RT-PCR. Each positive individual phage stock was subjected to an additional round of plaque purification and PCR screening (1 l/reaction) to ensure isolation of a clonal phage population. The pBluescript SK(Ϫ) phagemids containing the cloned DNA inserts were excised from the phage according to the protocol provided by the manufacturer (Stratagene) and purified with a Plasmid Mini Kit (Qiagen, Inc., Chatsworth, Calif.). DNA sequencing of both strands of the plasmid DNA templates was performed via automated sequencing with an Applied Biosystems (Foster City, Calif.) 377 Prism sequencer at the Iowa State University DNA Sequencing and Synthesis Facility, Ames.
Three genomic clones (VSPs 1, 2, and 3) were isolated. The complete nucleotide sequences of the inserts in VSP 3 (4,522 bp) and VSP 2 (3,486 bp) were determined and found to contain a region exhibiting nucleotide identity to the M9 sequence generated by RT-PCR. Alignment of the DNA se- a Sequences of degenerate oligonucleotides were derived from amino acid sequences of the indicated peptides, except for underlined residues, which were derived from amino acids conserved in all previously described pMGA family members (total of five) (16) . Sequences of nondegenerate oligonucleotides were derived from nucleic acid sequences of RT-PCR products obtained with the indicated primer pairs.
b To reduce both the degree of degeneracy and the number of mismatches, primers containing anticodons for leucine were synthesized separately with either NAG or YAA and then combined in PCR mixtures to yield approximately equimolar mixtures of all individual oligonucleotides.
quence of VSP 3 with that of VSP 2 revealed a large overlapping region of nucleotide identity, indicating that these two clones contain inserts from the same region of the M. gallisepticum genome. The composite nucleotide sequence (4,715 bp) obtained for VSPs 2 and 3 is shown schematically in Fig. 2A .
One of the open reading frames (orfs) in VSP 3 (orf-B) apparently is the M9 gene. orf-B starts with a GTG initiation codon, ends with a TAG stop codon, and encodes a predicted polypeptide of 645 amino acid residues with a molecular mass of 69.8 kDa (Fig. 3) . orf-B contains a 999-bp region identical to the nucleotide sequence obtained by RT-PCR analysis of M9. Also, the deduced amino acid sequence of the orf-B protein was identical to M9 peptide sequences obtained by both chemical microsequencing and mass spectrometry, except for a single amino acid difference in one peptide (PT75-2). (This difference involves a low-confidence assignment of an alanine residue during chemical sequencing; since the mass spectrometry analysis confirmed the DNA sequencing results, the discrepancy is considered to be of no consequence.) Amino acid and DNA sequence data, therefore, strongly suggest that orf-B encodes the M9 protein.
The nucleotide sequence of the M9 gene (orf-B) is extremely similar (Ͼ96% identity) to those of the previously described pMGA1.1 and pMGA1.2 genes (16). The predicted amino acid sequences of the M9 and pMGA1.1 proteins are aligned in Fig.  4 , illustrating that M9 is clearly a member of the pMGA family. As with other members of the pMGA family, the amino-terminal region of the predicted M9 protein begins with a hydrophobic sequence that is not present in the N-terminal sequence of the M9 protein. This putative signal peptide ends with a typical consensus sequence for mycoplasma lipoproteins (Ala, Ala, Ser, and Cys) which is presumably recognized by the signal peptidase II enzyme that hydrolyzes the peptide bond between the serine and cysteine residues and catalyzes the acylation reaction (21) .
Clones VSP 1 to 3 contain other M9-like genes. In addition to the putative M9 gene, clones VSP 2 and 3 contain a second orf designated orf-A (Fig. 2A) . orf-A contains 2,202 bp and would encode a protein showing 38% amino acid sequence identity with the M9 protein and 41% amino acid sequence identity with pMGA1.4 (16) . However, orf-A contains an internal TAA stop codon at nucleotide positions 139 to 141. Therefore, orf-A encodes a truncated gene product of only 46 amino acids.
The nucleotide sequence of the 3,897-bp insert in VSP 1 was determined and found to contain predicted genes designated orf-C (nucleotide positions 1 to 903), orf-D (positions 1254 to 3188), and orf-E (positions 3528 to 3896) (Fig. 2B) . orf-D is a full-length member of the pMGA family bearing 95% nucleotide sequence identity to the M9 gene, and the deduced amino acid sequence of the orf-D gene product has 88% identity with the sequence of the M9 protein. The partial genes orf-C and orf-E flanking orf-D (Fig. 2B ) are potentially two additional members of the M9 gene family. The nucleotide sequence of orf-C revealed the presence of an internal TAA stop codon at nucleotide positions 286 to 288. Thus, if the 5Ј end of orf-C, which has not yet been cloned, is like that of other members of the M9-pMGA family, orf-C expression would result in a truncated product of about 534 amino acids. orf-E contains the 5Ј end of another M9-pMGA family member that appears to be more closely related to pMGA1.3 and pMGA1.5 than to M9 and pMGA1. region has a different number of tandem GAA repeats, similar to what has been described for the pMGA multigene family (3). The transcription start site has been previously determined for pMGA1.1 (9) as a specific G nucleotide that is conserved in the intergenic regions upstream of orf-B, -D, and -E, suggesting that all members of the M9-pMGA family use this nucleotide as the transcription start site. However, the postulated transcriptional promoter consensus sequences (Ϫ10 and Ϫ35 regions) differ considerably among the various genes of the M9-pMGA family.
A dendrogram comparing the pMGA protein family from S6 with the M9 protein family from PG31 was generated by the MegAlign program of the DNASTAR (Madison, Wis.) software package. Based on this analysis, the M9 protein is very closely related to the pMGA1.1 and pMGA1.2 proteins and the orf-D gene product is also closely related to pMGA1.1, pMGA1.2, and M9. However, other proteins such as the orf-A gene product are more closely related to pMGA1.3, pMGA1.4, and pMGA1.5. These data indicate that polymorphisms exhibited by members of these families are not necessarily strain specific. However, the divergence of individual family members is such that strains likely possess unique protein sequences.
M9 and pMGA gene expression. The amino acid sequence of the purified M9 protein is consistent with a single polypeptide and not with the other members of the M9-pMGA family described thus far. Therefore, either the G9 antibody is specific for the M9 protein and does not react with other members of the family (e.g., the gene products of orf-A, -C, -D, and -E) or the other proteins of this family are not synthesized in PG31 under the growth conditions that were used in this study. An unresolved issue is the mechanism that regulates expression of the M9 and pMGA genes. A notable similarity in the intergenic regions of members of the M9-pMGA family is the fact that they have a different number of tandem GAA repeats located upstream of the putative promoter. Both the pMGA1.1 gene expressed in the S6 strain and the M9 gene expressed in the PG31 strain have exactly 12 GAA repeats. None of the other genes of the M9-pMGA family for which nucleotide sequence data are available have 12 repeats; some have fewer than 12 repeats (from 7 to 11) and others have more than 12 (from 14 to 16). The number of GAA repeats associated with a particular member of the M9-pMGA family is expected to sometimes vary, either expand or contract, because of DNA replication errors referred to as slipped-strand mispairing (13) . A speculative possibility is that exactly 12 GAA repeats are required for expression of genes in this family, but the mechanism by which the number of repeats might regulate gene expression is unknown. The GAA repeat region is homopyrimidine on one DNA strand and homopurine on the other, and under the right conditions it should form a triple helix structure referred to as H-DNA (7). H-DNA formation leaves the fourth DNA strand unpaired and susceptible to single-strand-specific nucleases.
Regions of H-DNA may be hot spots for DNA recombination (18) , but recombination between members of the M9-pMGA gene family has not yet been reported. The formation of H-DNA in vitro is superhelix induced and pH dependent (5) . Environmental factors may regulate the ability of GAA repeats in M. gallisepticum to form H-DNA, and such regulation may affect M9 and pMGA gene expression.
Nucleotide sequence accession numbers. The nucleotide sequence for VSP 1 has been deposited in the GenBank database under accession no. AF053978. The combined sequences of VSP 2 and VSP 3 have been assigned accession no. AF032890.
